
llatc Constants and ‘J’cn~pcrafurc l)cprndenms for the Reactions of ]Iydroxyl
IIaloficna!wl Mc.lhanm, IHhancs, and ]’ropancs by Rcla!ivc Rate Mc.asurmcnb

K-J. ]Isutf and W. IL l) CMOI”C

.Jd l’t’op141Lviot) IIahotn(ory, Calljbrttio  11).v[itute  of 7 cchdogy, l’mdc)m,

Abstract

with Several

CA 91109

Relative rate data arc rq)or[cd  for the 01 I abstraction rcacticms  of 14 halogcnatcd
methanes, ethanes, and propancs.  IJsing C114, Cll~CCl~,  CI;3CT211,  ancl C211~ a s
rcfcrencc  standards (J1’1. 92-20 rate constants)l,  absolute rate constants arc derived and
arc compared with other mpcrimc.ntal  rc.suits and with transition state theory
calculations of Cohen and IICnSOnz and lcong and Kaufn~an3.

lnfrodudion
Most atmosphwic spccics which have at I cast mm C-I 1 boncl  arc dcstmycd in the at mosphcrc  by

011 attack, ‘1’o estimate the atn~osphcric lifetimes of such spccics,  accurate data for the rate constants
and Icmpcraturc dcpcndcnces  arc nccdcd. Such data arc especially useful when referenced  to methyl
chloroform, because that compound is used as a statdard  for atmospheric lifetimes of spccics  removed
by 0} ]4. A considcrab]c  body of data has acxmnmlatcd  for these reactions. (See mfcrcnce 1 for a
conq)ilation).  ‘J”hc bulk of the data have bcm  obtained by measuring the rate of clisappcarancc  of011 in
the prmmcc  c)f the reactant. 1 lowcvcr, such nmasurcmcnts  arc frequently unable to distinguish bctwccn
011 loss duc to the prin]ary reaction and other  ICMSCS  such as Ihosc  dLIC to impurities, scconda[ y or siclc
reactions, and wall reactions. As a conscqucncc  tnany rate constants obtained in that manner arc
cfkctivcly  upper limits to the correct rate constants, and tcncl to imply shorter atmospheric Iifctimcs
than is actually the case. Also, the uncct-iainty makes the clata ICSS  uscflll for tests of theory, such as
comparison of prc-exponential factors with those calculated fi-om transition state thcory2~5  or for
calibration of rate constant estimation methods such as that of Atkinson6,  Also, collations with
abstl action reactions of other spccics  such as 0, 11], and 1 may bc obscurcct by errors in the 011
databasc7.

An alternative method to obtain the ncccssary  rate constant data is to mcasulc I-ate constants and
their tmpcraturc  dcpcndcnccs  on a relative basis. ‘1’his method has the advantage of bcin.g inwnsitivc  to
impurities, secondary reactions, or wall 10SSCS which compromise the mcasurcmcnts bascci on 011 Ic)ss.
If Cl 13(X33 is inclucicd  in the relative database, then the results can bc used for atmospheric lifetime
calculations without regard to the absolute accuracy of any of the rate constants. l~ulthcr, if a l-cliable
absolute rate constant is availab]c, such as is bclicvcd  to & the case for the 011 -1 (;114  reaction ‘, then
the tclativc  data can bc placed on an absolute basis by including Cl 14 as a rcfcmncc standard. in the
pl-cscnt work wc rcporl I dative  rate n~casurcmcnts,  11 accablc  to both Cl 14 and Cl 13 CC13,  for foul-teen
halogcnatcd  methanes, cthanw, and pmpancs. III SOIHC c,ascs  the results agl-cc very well with previous
nw.asurcmcnts  basccl  cm 011 loss, but oflen the latte] arc hig$cr than those from the I clativc rate results.
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‘J’hc cxpcrimcntal  prc-cxponcntia]  factors arc cxamincci  for their dcpcnclcncc  on the number of hydrogen
atoms in the molcculcs,  and arc compared with recent tt ansiticm state predictions.

lhpcrimcntal  Section
“J’hc relative rate technique used in this work has been dcsclibcd  in several recent ~~~ll)licatio~~s8-10.

l’hc method involves n~casurctncnt of the fractional Iosscs of the reactant conlJmund  and a reference
compound in the prcscncc of 01 I. The011 radicals arc proctuccd by LJV plmtolysis  of OS (5- 10 x 1016
CIn-3) in the prcscncc of watcl- vapor (3-5 x 10] 7 CnI-3) in a slow-flow, tcnlpcraturc-controllecl
photochcmical  CCII. }/or reactants such as 1 IF’CS which do not absorb 185 nm ra(iiation,  direct photolysis
of 112,0 at 185 nm may also bc used for 011 procluction.  ‘J”hc 1 l-atoms procluced  in the 1120 photolysis
arc ccmvertccl  to the relatively unreactive 1102 in the pI cscncc  of 02,. ‘1’hc cell is 10 cn~ in length and S
cn~ in cliamctcr, and is c.ithcr  water-jacketed (for tlm 03 plmtolysis  cxpcrimcnts)  or wrapped with
heating tape and insulating material for the 112,0 photolysis  cxpclimcnts.  Rcsictcnce  times in the CCII arc
about  cmc minute. 3’0 obtain high conversion ratios, cxJJcrinlcnts  ale sometimes opclatecl  in a stoppccl-
flow moclc  where the reactant mixture is cxpanctcd  into the 11< cell for analysis after irradiation ‘J’his
mcthc~cl  is most useful for the slower reactions, which tend to give small depletions. All cxpcrimcnts  arc
at atlnosphcric  pressure. The rate constant ratio is obtained frcm the rclaticln:

Ykrcactat, )’l]l(l)li)rcaf.tan
hcfe.t”cncc: ‘i’(’)] i)rcfcrcncc

‘J’hc quantity I>]i (clcplction factor) is given by:

(1)

/
l)I; , (Initial  (one. )

(I;inal Ccmc.) (11)

initial reactant concentrations arc in the range 1014 to 10]s cm-~, and depletion factors arc
normally about 1.1 to 1.5. Concentrations arc monitored with a Nicolct 20SX F’”J’l R operated at 0.5
cm-] resolution in the absorbance mode using a White cell with a three-meter path length. ‘1’hc mixture
flows through a trap at about -20 C to remove the bulk of the) 12,0, which WOUICI  intcrfcrc with the 11{
analysis. ‘J’hc light source is a low pressure 1 lg lamp. IJlow controllers arc used to maintain constant
flows of reactant mixture (1 O torr each of the two reactants plus 1000 torr Ar, stc)lccl  in two S-liter
bulbs), the 0 2/ 03 input (flowing from a ccmmct cial  cwc)nizcr),  and the Ar earl-icr. Argon is used
bccausc of its low quenching cfl;ciency for O(]l)). ‘J’hc cxpcrimcnts  arc usually conducted in a light-on,
light-cdT  moctc for repeated mcasurcmcnts  of the dcplctic~n  factors. Appr-oxin]atcly 1 S minutes arc
required for equilibration bctwccn cycles.

Reactant rcgcncraticm by secondary chemistry could be a source of error, but in the prcscncc of 02

(which scavcngcs  radical products) this is improbab]c ancl there is no evic~cncc  that it occurs. l<csu]ts for
rat c constant i atios arc tested for any dcpcnclcncc  on the extent of reaction, which  would indicate a
complication duc tc) secondary chemistry. No such dcpcndcncc  has ever km fc)und in Q-containing
mix[urcs. in mixtures with no 02,, Cl 14 rcgcncration  has been observed, as eviclcncecl  by a c!ccrcasing
Cl 14 loss with increasing extent of photolysis.  1 lowcvcr, 02-free mixtures al-c not generally used. It is
also necessary for 011 to bc the only raciical  species removing the reactants. other pc~ssible  reactant
spccics  arc 0(’1)) (in the 03 cxpcrimcnts), halc~gcn  atoms, ancl various halo-alkoxy  c)r pcmxy raclicals.
‘J’hc 0(111) interference is avoided by usin:, a large CXC.CSS (factor of 1000) of 1120 cwcr the reactants.
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Computer sinmlations  show that errors less than 3V0 arc expected under these  conditions. In any case it
is often possible to compare results in OS plmtolysis  cxpcrimcnts  with those from 1120 photolysis
experiments. No significant ctitTcrcncc  has ever been observed in these comparisons. l{rmrs ducto
halogen atoms arc prevented in experiments with 03 because of rapid scavenging by the ~~. 111
general, reactions of secondary radicals arc unimportant because ofthc normally low rcactlwty and
relatively low rate of production compamd to 011. l)ircct photolysis  of reactants is a potential
complication. 1 lowcvcr, the J IFCS arc transparent to both 185 and 254 m radiation, and the other
1 ICIG arc transparent to 254 m, which is the only wavclcnf,th  used for those coJnpounds.  Wc oflcn
test for unsuspected complications by measuring rate constant I atios with more than one rcfcrcncc
compound, and have not found any case in which the I csults diilcr significantly.

‘1’hc cxpcrimcnt  is very accurate for rate constant ratio clctcrminations  because the depletion factors
can be measured with great precision (approxin~ately 0.1- 0.3°/0) by the IJ’l’ll<  technique. ‘J’hc 1:”1’11{
measurements of the depletion factors arc based on at least two measurements, one being an
absorbance measurement at a fixed wavelength of a strong 11< band of the compound (sometimes two
bands at-c used as a fur[her test of consistency). Absorbance has been found to be linear with reactant
concentrations for the cotnpounds  used in this wet-k. l’hc absorbance mcthocl  is accurate provided that
there is no overlap  with the spectrum of the second reactant, and pl”octuct  spectra do not interfere.
l)roduct intcrfcrcnce is tested for by subtracting a rcfcrcncc spectrum of the compound in qucsticm, and
noting any product spectra which may have appcaml.  “J’hc subtraction factor, which is the fttctor  by
which the reference 11< spectrum must bc multiplied fol exact subtraction of the spectral features of that
compound, is an additional measure of the concentration. “1’hc subtraction factor 1 atio is used in
ad(iition  to the absorbance ratios to dctcminc  the dcl)lction factors. 311c best indication of the accuracy
of the n~casurcmcnts  is the fact that results obtained with depletion factors as small as 3°/0 do not ctiflcr
significantly from those with much larger depletions.

Several fact m-s arc involved in the clmicc  of rcfci-cncc  compounds: (1), the accuracy of the absolute
rate constant; (2), the magnitude ofthc rate constant (which should be similar to the rate constant to be
com])arcd);  and (3), the 11{ spectral bands should be strong and well-dcfinccl, and shc)uld not interfere
with those of the reactant. l~rom the standpoint of absolute accuracy, CJ 14 is a good choice, the rate
constant having been carcfl]lly measured using hip~]-]n]rity  samples, and with great care to avoid errors
due to secondary chcmistfyl  ]. IIthanc is USCfLll  as a standard for faster reactions, the 011 rate constant
bcinp, about  37 times faster than that of Cl 14 at 298 K, 1 ]owcvcr,  the C2} 16 rate constant is not known
as accurately as that of Cl 14, despite the fact that many studies have been reported]. Our results
indicate, however, that the rate constant for C2116 is consistent with that of Cl 14 to within about
10!40]0. As n]cntioned  in the introduction, CJ 13CC13 is a standard for atmospheric lifetimes, and the
rate constant has also been carcflllly measured 1 I Wc’have found that the recommended rate constants
for (;I 34, C113CC13, and C21J51 I (llfiC-125) arc consistent to within 3%’o or better at 298 K, when used
as common rcfcrcnccs for the same gas; for example, 1 IFC- 134a~ or 1lCFC-141 b9. “J’hc 1!/1< values
appear tO bC llNlt Udly COINi  StCllt tO within abOUt 75 K. ‘J’hcse  three COINpOUIld  S, alOl)g with (;2] ]6, arc
the primary rcfcrcnccs for our work. ‘J’hc rate constants used (’J’able 1) arc those of the JJ)I ~~ 92-20
evaluation. in addition to these primary rcfcrcnces,  wc also usc scconclal-y  references, such as 1 ll;C-
134a, 1 I1:C- 152a, of 1 IIC 161, where the rate constants have been (ietcrminccl  in ouI- own work ancj arc
based on one or more of the primary references. ‘J’hcsc  secondary references arc oflcn more suitable
than any of the primary rcfcrcnccs  bcc.ausc of the position of the 1 R bancis or the. magnitu(ic  of the rate
constants.
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Rl?sults
]:igurc I shows, for six reprcscntativc cases, a linear dependence of the rate constant ratio (slope of

the Iilm) on the extent of reactant depletion, as cxpcctcd  from Ilquation  1. ‘J’his observation tends to
show that reactant regeneration and product spectral interference are not sources of crf or. ‘l’able 2 lists
the depletions that were obtained for each reactant pair in all the present cxpcrimcnts.  llach data point is
the average of 3-4 depletion ratios, which were measured in successive light-on, Iight-cfl cycles at a
given tcnlpcraturc. Data for the temperature dcpcndcnces  of the rate constant ratios arc listed in
‘1’ablcs  3-5 for the methanes, ethanes, and propancs,  ‘J”hcsc data are plotted in ]Figures 2-4 , and the
derived Arl hcnius  expressions arc summarized in ‘J’able 6. “1’hc I-csulting I ate constants arc Iistc(i  in
‘] ’ablcs 7-9, along with comparisons with previous ]masurcmcnts.  liigurcs  5-19 show gl aphically the
data and the comparisons with c)ther WOI k .

IIisc.ussion
{ ltilii’y  of the rclatiw rate mlhod. ‘J’hc relative rate method as used in the

intrinsically very simple and appears to yiclcl  quite accurate temperature dependent
present work is
ratio data, even

thoup)]  the cxpcrimcnts  cover a relatively small tcnlpcl aturc range. “J’hc nwthod  is essentially immune to
impurity effects and secondary reactions. in all of our studies, involving many it]tcrc.ol]~~~ariso~]s  ancl
cmsistcncy  checks, wc have seen no evidence of any systematic errors in the method. “J’hc small
standard cleviations of the data as seen in ‘J’able 6 demonstrate that random errors arc minor.
Reproducibility of a rate constant ratio in a given experiment is normally about 30A. ‘J’hc reference
standards wc have used (rl’able 1 ) have been intcrcomparcd  in our cxpcrimcnts  and arc in cxccllcnt
agrc.cmcnt.  l“hc derived rate data arc su~cicntly  accurate, particularly on a relative basis, to permit
some conclusions conccri~ing rate data which were ]]rcviously obscured either by experimental error or
by uncertainties in the application of transition state tlmry. These arc discussed below.

<Jc)t)~j)a~ei.v{)l)Lf  lxlwmn relative md ahwhlc ralr co)l.vht)k “J’]lc rate constants derived from the
relative rate method arc either in good agrccmmt with absolut  c mcasurcnlcnts  bascc! on 011
disappcarancc,  or otherwise arc lower. “J’here is no case in which the rc!ativc rate constant is
systematically higher than the absolute rate constatit.  Similar comparisons were seen in previous work.8-
1~ “J’J]is may be due to the influence of secondary cl]cniistl-y  or reactions with imput itics in the absolute
cxpcrimcnts,  in which any loss of 011 contributes to the mcasul-cd  rate constant. 1 lowcvcr,  there is no
clear pattern to the disagrccmcnt,  and other factors may be involvccl.  “J’here is no apparent correlation
with the magnitude of the rate constant, which might have been expected if impurity cflects  or
secondary chemistry arc important. ‘J’hc 1 II: C- 143a I caction  rate is quite slow, but nevcr[hclcss  there is
generally good agreement bctwccn the absolute and relative nlcasurcmcnts  (J:ig,urc  13). On the other
hand, the 1ll~C-161 rate constant is large and thct cforc spurious 0} 1 losses should bc relatively
unimportant, especially considering that no significant impurities WCJ-C detected in the 11 tiC- 161.’2
Ncvcrthclcss, as seen in ];igurc  ] 5, our l-csu]ts  deviate considerably from the absolute mcasurcn]cnts,
particularly in the lower temperature range. It is unlikely that our I ate constant for this reactant is
incorrect, because it has berm substantiated in previous worklo in which wc chtaincd  relative rate data
for 1 II: C-l 61, relative to C112C12,  which in turn was measured relative to }lFC-1 52a and Cl]d. ‘J”hcsc
data arc quite conlJ>atiblc with our present rate c.onst ant for 1 lt;C- 161.

Jn some cases, the relative rate constant is 10WCI by a nearly constant factor which is inclcpcndcnt of
tcnlJJcraturc.  ‘J’hc data for 1 lliC-236ca (factor of about 1.7) and 1 llJC-245ca  (factor of about 1.5) arc
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cxam])lcs  of this behavior. Wc suspect that this is ctuc to a constant crf-or in the absolute mcasurcmcnt  of
tllc 011 loss rate, perhaps by a secondary reaction with products.

Wc also observe that our data always aglcc with the mcasurcmcnts  of ‘1’alukdar ct al. ] 3, but arc
usually somewhat lower than those of Gicrcz.ak ct al.’4 ad Schmoltncr  ct al. 12 This suggests the
possibility y of an operator effect.

A]y)lica[iol)  to l(ok (%tt.vkmt l<,v[itmliotl  A4ckdv. ]Iccausc of the large number of compounds for
which 011 rate constant data arc required, and tllc substantial cost of individual mcasurcmcnts,
techniques such as that of Atkinson6  have been dcvclopcd  fo~- the c.stimation of rate constants. ‘1’hcsc
nwthods arc based on group cficcts,  and require calibration from existing data. 1 lowcvcr,  the absolute
i atc constants arc often substantially in crml (occasionally a factor of 5 or more), and as a conscqucncc
the cstinlation  methods arc di~lcult  to calibrate. I’hc relative rate data arc much nmrc suitable for this
purpmc.  Wc arc developing a mo(iificcl estimation tcclmiquc  bawd on the relative rate constants (to bc
publishcci  separately) which shows promise of calculating 011 rate constants at 298 K with an accuracy
comparable to the cxpcrimcntal  results.

(k.wpcwison of A-factors  jhm l<qmitttct)t.v atd Iirltl.vi!ion  ,Walc  7 hay (IN]. T a b l e  10
compares cxpcrimcntal  A-factors (present and car]icr work)g-’o ancl those fi-om “1’S’1’ calculations of
Cohen and llcnson2  and Jcong and Kaufn~an3.  “1’his table includes only those compounds in which all
the C-1 1 bonds arc identical. l’here arc two points of comparison to bc made, onc being the absolute
values and the other being the relative values. ‘1’hc absolute magnitudes of the A-factors arc, on the
average, in I-casonable agrccmcnt  (a factor of 2 or better). “1’here arc, however, some substantial
individual disagrccn~cnts.  For example, the A-factors for Cl 130;3,  (313F, CJ 13CI, and 1 lC}FCs  140 and
141 b in the Cohen and l]cnson prcctictions  arc too high (about a factor c)f 3) for c.onsistcncy  with the
cxpcrimcntal  results. ‘1’hc exact reason fdr this is not obvious, other than that some of the estimated
contributions to the ‘I’S entropy from sources such as internal rotation must bc too high, On the other
hand, the very low A-factor (4.813-  13) talc.ulatcd by Jcong  ant{ Kaufinan for I IIICI 34a appears to bc
the rcsu]t of a low estimate fbr the entropy of the tl ansiticm state (only 7.1 CL] diffcrcncc bet wccn the
entropy of the reactant and the “1’S model , whereas rcplaccmcnt of 11 by 011 usually produces an
incrc:ise  in cntroJly of 10 or more m).  It thus appears that attempts to estimate the entropy of the ‘I’S
occasionally produce large (iisagrccnlcnts  among  the ‘J’S”]’ calculations an(i also with the cxpcrimcntal
Icsults.

A more important comparison bctwccn  cxpcrimcnt  and “1’S’1’ is with regard to the relative values of
the A-factors. It can be seen from Table 11 that the cxpcrimcntal  A-factor ratios arc remarkably
consistent with a simple proportionality to the number of 1 l-atoms. ‘1’hc largest deviations (still Icss than
a factor of 2) seem to occur for molcculcs  such as (;113CY3 and Cl 13 CC13.  ]n these cases the relative
A-factors arc low by an amount which is slightly out’side’ the cstin~atcd- cxpcrimcntal error, which is
about a Ptctor  of 1.3. The ratios from ‘1”S predictions show no discernible dcpcndcnce  on the number of
1 l-atoms. As we have seen above, uncertainties in the “1’S entropy estimates produce substantial
variations (fi~ctor of 3 or more) in the prcclictions, As a result, any mcaningfhl  information on the
]clativc  A-factors is obscured.

I;rom ‘1’able 10 it is apparent that an A-factor ])cI- 1 l-atc)m  of abc)ut 8.011-12 cm~/n~olcc-s  can bc
used for molcculcs  with a single type of C-} 1 bond. l;or nmlcculcs  with different C-11 bonds it is
ncccssary  to know the relative contl-ibutions  to the overall rate constant from the different rcactivc  sites.
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obtainccl  fi-om the rate constant estimation mcthmls and an cticctivc

for 011 rcactio’n  t atcs prmiuccs  accurate and self-consistcllt rate

l’his information can, however, bc
A-factor can then be preclictcd.

{conclusions
1. ‘llIc relative rate method

constant data which arc well-suitcci for applications such as-tests of rate theory, calibration of empirical
cslinlation  techniques, ancl atnmsphcric  Iifctimc calculations. ‘1’his apJJroach is more reliable and more
econcjmical  than the absolute mcasurcmcnt  mctlmd, which frequently and unpredictably yields
incort ectly high rate constants.

2. Absoh]te  methods based cm 01 I disappeal-anc,c  arc best suited for determination of a fcw
standard rate constants (such as those for Cl 14, C21 16, and (113CC13), which can then bc used to place
the rc.tativc  rate constants on an absolute basis.

?-. ‘J”ransition  state theory ususally  predicts the correct order of magnitude for A-factors, but
unccrlaintics in the transition state entropy occasionally proclucc large erl-ors.

4. l?oI- A-factor predictions, the assumption of 8.01;- 12 cnl~/nmlcc-s pet } l-atc)m (for cases where
all C-1 1 bonds are identical) yields a value which will usually bc accurate to within a factor of 1.3.
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‘1’able. 1. Rate (kmstants ofthc Primary Rcfcrcncc Coli~pouncis  Used in ‘1’his Work.

- Rcfcrcncc Compound Arrhcnius  Rate Consta~--  --
——

k(298 K)

cll~ 2.913- 12cxp(-1 820~1’) 6.51;-15
cll~ccl~ 1.811-1 2cxp(-1 55011’) 1.01;-14
cl~~c}~~]l 5.61 ]-] ~CX1)(-] 700~1’)
q) 1~

1.91;-15
8.71 ;-12cxp(-1 070D) 2.413-13



‘]’abk 2. Ranges of depletion factors for relative rate ]ncasurcmcnts  of IlalogcI]-sl]bstitl]  tcd alkanes

cl IIjcl () lFC-22)
Cllliql]r  (111’l]C-2211)
Clls}’
cl 1#~
c] 11~:~
C] lCl};CCl#’  (1 IUC-I 22a)
cllcl@’~  (Ilc}’c-l  23)
(2 lt’clclj  (1 IC1’c-l 24)
Cl 11’CKY3 (llCFC-124)
Cll~Cl;~  (llt;C-143a)
Cll~Cli~  (lllW-143a)
CJ13C172}I  (111’C-I 52a)
C] l~C}~qll  (}11’C-1  52a)
C113C1121’ (I IFC-161)
Cl;~Cl 1 I’CI;~ (J lfG227ca)
(2$0 llWl~3  (} lI~C-227ca)

Cl~3Cl  12(Y3 (JllK-236fa)

(:1’3(3 lt’Cl Itiz (} lFC-236ca)

Rcfcrcncc

c11~
c11~
Cll~C1;#l  (lll:C-152a)
Cll~C}i~]l  (llIiC-l  52a)
clll’~cl’~  (lll’(: -125)
Cll~C1;~}l  (llt:C-l  SZ!a)
Cll~CF~ll (l II;C-I 52a)
c114
C11F2C11F2 (JIrc-134)
c11~
cllt’fl’~ (llt’c-125)
c114
cll@l~
c~,l 16
c1 IQ
C] 11;20’3  (}11’C-125)

c111’p~ (111’c-l 2s)

cll~
- C ]  IF2CU2,(;C12F Q IKMSCH)’.. (~ 14. _ _ _ _  _ _—.. . . -. —.

* Stopped flow mcasurcn]cnt.

1 lq]lctiorl  factor tinge—.
Reactant

1.10-1.14
1.11-1.31
1.70-2.05
1.20-2.01*
1.04-  1.28*
1.12-1.23
1.18-1.42
1.13-1.22
1.16-1.28
1.03-1.33
1.11-1.65
1.24-2.03
1.36-2.34
1.13-1.30
1.06- 1.57*
1.04-1.10
1.10 -I.70*
1.02-1.04
1.06- 1.26*
1.23-  2.00*
1.08-1.17

Rcfcrcmc

1.14 -1,2.4
1.07-1.23
1.34- 1.s5
1.82- 8.25*
1.70-4.37*
1.27-1,58
1.25-1.55
1.12-1.17
1.13-1.25
1.16-4.23
1,17-2.18
1.04-1.24
1.10-1.42
1.21-1.43
1.41- 6.89*
1.06-1,12
1.)1-1.82*
1.08 -1.1S
1.36-2.53*
1.30-2.81*
1.06-1.15— .-— —.. . .——. —



‘1’able 3. lkpcrimcntal  rcsLdts for rate constant ~atios,  Wkrcr,  for halogen-substituted mctl

298 0.777
298 0.736
307 0.755
317 0.717
332 0.700
349 0.676
363 0.611
366 0.606

Cl 1 Ii&r——
X!3L!m.IctQ

283 1.672
298 1.549
312 1.508
322 1.399
343 1.258
368 1.159

(a). Rcfcrcncc is Cl lo.
(b). Rcfercnccis}IFC-152a.
(c). Rcfcrcncc is I lt’C-l 25.

al-y.—— _
!l!s-!!!!!!ki!!!

298 0.543
308 0.571
321 0.573
333 0.585
345 0.609
363 0,602

. —...  -.(4V2
‘lJK) k/kl#~. .. —.-

297 0.318
309 0.320
317 0.335
323 0.330
338 0.355
357 0.368
383 0.386

298 0.132
298 0.121
317 0.145
330 0.162
347 0.173
365 0.185
383 0.208

———..——.  . . . .

mcs.



Tablc4.  I~xl]cri[~~cl~tal  rcsL]lts  forratccot~statlt  ratios, Ukrcf, fc}rl~alogcl~-sl]  bstitlltcd ctl]a1]cs.

CIICII’CC1*F
(I_lC!:~-122a)_.

’294 0.446
294 0.467
298 0.481
308 0.460
328 0.444
345 0.425
351 0.458
358 0.426
362 0.430

298 0.947
298 0.972
3]3 0.906
320 0.893
324 0.833
332 0.862
345 0.839
358 0.765
359 0.767
359 0.790

c}lclm’~
(l ICFC-124)

298

298
313
328
345
358
366

1.164 298
1.217 298
1.134 298
1.054 298
1,013 308
0.936 321
0.975 334

356
356

1.293
1.)80
1.272
1.244
1,216
1.194
1.077
1.092
1.042

-.

—.. —... .——1.— .._.L..

~kkmfi)  T(KJ kk;~)-

298 4.77 298 0.305
303 4.4S6 298 0.310
308 4.337 298 0.309
308 4.790 298 0.313
308 4.812 308 0.326
318 4.087 313 0.335
333 3.850 313 0.318
333 3.896 333 0.363
358 3.506 333 0.313
3S8 3.384 358 0.347

358 0.355

cll@’~
((liC-143aj

“1 ‘(K)

298

298
314
328
346
374
403

‘“‘- “’ k/k @ 1 ‘1’[Kj k/k &)rc .._- _ _.. .—.. .J _–

0.212 298 0.630
0.199 313 0.653
0.210 330 0.714
0.189 35] 0.755
0.241 383 0.823
0.2,42
0.240

T(K)

28S
2?98
298
298
308
318
329
338
351
358
364

cll~cll#
011iC-161)

0.671
0.714
0.657
0.657
0.708
0.708
0.695
0.733
0.752
0.722
0.762

Rcfcrcncc is (a) C114, (b) I] I:C-l 52a, (c) II I;C-125,  (d) 111’C-134, (e) C113CC13,  and (1) C2)16.



“1’ablc5.  I;xI~cril~lcl~tal  rcslllts forratc  corlstal~t  ratios, ~rCf, forllalogctl-sL)  bstitlltcd  pro1Jarlcs.

CJ’3C} 1K3’3
(111’C-227ca)

-. ..— —
“1’(K) k/klC#d T ( K )  k/krC#)

296 0.243 298
320 0.2S5 310
338 0.242 323
355 0.250 347
361 0.224 358
398 0.230 3S8

367

(a). Rcfcrcnccis01~.

0.991
0.864
0.938
0.934
0.930
0.972
0.875

----- .——. _—

(b). Rcfcrcnce is llFti-1  S2a.
(c). Rcfcrcncc  is IIFC-I 2S.

CF3C112C173
(llfW-236fa)

]’(K) ‘–k/krc+@

298 0.198
298 0.192
306 0,186
312 0.185
323 0.208
333 0.210
344 0.23s
354 0.240
355 0.246
367 0.273

—

C};3C}11UIF2
(lllC236ca)

—.
T(K)

298
320
333
350
366
380

icfkrcf@

0.796
0.746
0.723
0.706
0.690
0.668

c} 1F2C}’2C1 121’
(I ll;C-24Sca)

—.—
T ( K )  k/krc+@

286
286
298
298
310
310
319
319
331
331
345
345
364
364

. .. ——. ——

1.154
1.1s1
1,241
1.170
1.157
1.142
1,117
1.106
1.135
1.134
1.0S6
1.119
1.041
1.022



q’ah]c 6. Ratios MeasLlted and Their Tcmpcraturc ]Iejmndcnces.

c1 lt’~cl  (1 IFC-22)
Clll:~llr  (111’13G2211)
cl l~li
c1121;2
cl 11”~

Cl lC11’CC121’  (1 lCFC- 1 22a)
c1lcl@~(1ICIJC-123)
C} 11’C1CF3 (1 ICI;C-l 24)
Cl 11;CICF3 (1 lC}’C-I  24)
C] 1303 (lll~C-143a)
Cll~Cl;~  (111’C-143a)
Cll~CJJ~ll  (I IFC-1 52a)
C113C1’211  (1 IIG1 52a)
Cll@121’  (llFC-161)

} Ialogen-sLlbstituted
-“cll~ (0.24 d

c114 (0.33 :1
}IlG152a  (0.99:1
IIIG1 52a (0.80:1
llI;C-125 (1.14:+

llalOgerl-sl\bstitllte(l————. . . .
lll;C-152a  (0.31 i
lll;C-152a  (0.2S j
c11~ (0.35 ~
]]l~C-134 ( 0 . 4 6  ~
c114 (0.43 :i
111G125 (2. 16:1
cll~ (0.64 ~
CII&C]~ ( 0 . 6 5  j
C2} 1~ (1.16~

llalogen-slll~stitlltc(l—-— ——
c} 14 (0.1 71
}] I:C-12S (0.83 i
]]IFc-125 ( 1 . 2 6  ~
CI lq (0.36 1

.. —.-~,k  ~T.  —–_..—-._...  _“
Ratio at 298 K.-_.._ rc ----- _-–-. -.. ____ ..-––.—_.––. __________

methanes
“h.03)cxp(~42  + 45)~1’ 0.76
0.03) cxp(460  ~ 3 1)/T 1.54
O.] ())cxp(-]  743 35)/’J’ 0.ss
0.06)exp(-2775 24)/’1’ 0.32
0.08) cxp(-654  :1 44)/1’ 0.13

ethanes
“0.04 )cxp(l 17 ~ 42)/’1’
().()q)cxp@6S  i 36)/3’
0.04) cxp(367 ~ 40)/’1’
0.07) cxp(300 ~ 52)/’1’
O.12)exp(-223 ~ 90)/’1’
o.14)cxp(-370 j 21)/1’

O. 13)cxp(599  =1 67)/’1’
o.12)cxp(-220 j 57)/’1’
O,] 3) CXP(-] 583 36YT

0.46
0.95
1.20
1.26
0.21
0.62.
4.81
0.31
0.68

prgancs
O. OS) CXJ>(]  17 ~ ] 05)/”1’ 0.25
0.22)cxp(38  II 89)/T 0.94
0.4 l)exp(-580  ~ 109)/3’ 0.18
o.ol)cxp(231 3 12)/T 0.78

(a). Errors  shown are standard deviations. Actual uncertainties arc approximately a factor of 1.3 in the
A-factor ratios and 75-125 K in the W]{ values.



‘1’able 7.1 lalogcnatcd  Methanes: l)crivcd  l{atc (knstants  and comparisons  with Previous Work.

Reactant-..

clll:~cl
(}lCFC-22)

(H1t7~llr
(l II HW-22)

c11$~
(111’(:-41)

(3 l~j:~
(111’(:-32)

(:111’~
(l IFC-23)

-..—— ..— —

A-factor 1 m “ mfiiK-i-”  lG!GC;;CC-—”-— –. . ..- ---

1.213-12.
9.21;-13
9.51;-12
2.111-12

1.31;-12
1.211-12
8.lli-13
7.71;-13

7.41i-13
7.41;-13
9,6]]. ]3

8.21;-12
5.4}:-12
1.711-12
2.21;-12

4.41;-12
1.61;-12
1.91;-12
1.81i-12

3.oI~-12
6.91;-13
1.511-12
6.41;-13

1636
1575
2315
1782

1670
1650
1516
1506

1300
1300
1360

1890
1700
1300
1449

1766
1470
1550
1552

2910
2300
2650
2354

5.0};-15
4.71;-15
4.01;-15
5.31j-15
4.61;-15
4.81;-15
4.71;-15
5.01;-15
4.91;-15

9.41;-15
9.4]~-15

1,01;-14

1.61;-14
2.21:-14
1.512-14
1.81i-14
2.213-14
1.71;-14

7.81;-15
1.21;-14
1.2E-14
1.21;-14
1,01!-14
9,s];-]5

2.01;-16
2.01;-16
3.11;-16
2.11;-16
2.41;-16

Atkinson et al.16
Watson ct al.’7
Uync and lloltl~
1 landwcrk  and Zcllncrl  ~
l)araskcvopoulos  ct al.zO
Jcong and KaLlfnlan21
J])l ,92-20
Orkin and Khanlaganov’22
‘1’llis  wink(a)

‘J’alukdar  ct al.z~
JI’1 / 92-20
‘1’his work(a)

1 loward and llvcnsonzd
Nip ct al.zs
Jcon.g and Kaufhan  z]
Jl)l. 92-20
Schmoltncr  ct al.’2
‘J’llis work(c)

1 loward ant] 1 lvcnson 24
Nip ct al.z~
Jcong ct al. 1 S
‘J’alukdar  ct al. 1 ~
JJ)I. 92-20
‘l-his work(c)

1 loward and 1 ivcnson  2A
Jcong  and Kaufman 21
Schmoltncr  ct al, 12
JI)~ 92-20
This wo]k(d)

(a) (:J14, (b) C2116, (c) 111’G1 52a, (d) 1 IIJG125, (c) 111’G134, (~ 1 lFGI 61 were the rcfcrcncc
compounds.



“1’ab]c  8.1 lalogcnated l~thancs: lhived  Rate constants  and comparisons with l’rcvious Wol-k.

clm~,m
(11(2’C-I 23)

CI13CI11’2
(111’(;-1 52a)

—- . .

A-factor 1 m
7.11?.-12

1.4E-12
1.11;-12
6. SU-13
1.11;-12
7.011-13

6.41{-13

6,11; -13
4.41;-13
8. OE-13
7.31;-13
1.01;-12

2.11;-12
1,61; -12
1.313-12
1.21t-12

9.61j-13
3.91{-12
1.01;-12
1.51;-12

1.91;-12
2.8E-12

7.01;-12
2.71;-12
1.011-11
7.01;-12

]]58

1102
1040
840
940
900

910

1244
1150
1350
1380
]453

2200
2100
2043
2070

940
1370
980
1100

1221
1330

1100
750
1228
1]52

k(298 K)
1.s1;-14

2,81;-14
3. SE-14
3.413-14
3.9r-14
4.71;-14
3.41;-14
3.211-14
3.01;-14

1.21;-14
9.41i-15
9.31;-15
8.61;-14
7. IE-15
7.71; -15

1.71;-1s
1.41;-15
1.41;  -15
1.41;-15
1.21?-15

3.51;-14
3.713-14
4,11;-14
3.91;-14
3.71;-14
3.71;-14
3.31;-14
3.11;-14
3.21;-14

2,31;-13
1.71;  -13
2.211-13
1.61;-13

1.51i-13----

1 loward ancl ljvcnson 24
Watson ct al.26
1 ,iu ct al.27
(iicrczak  ct al. 14
Niclsonzg
J])], 94
7,cllncr ct al.29
‘1’his work(C)

1 loward and Ilvcnson24
Watson ct al,26
Gicrczak  ct al. 14
J]’]. 94
‘J’his work(c)
‘l”his wok(a)

Marlin and l)a[-askcvo;~oLllos~O
‘J’alukdar  et al.13
J1’1, 94
“1’his work(a)
‘J’his work(c)

1 landwcrk  anti Zcllncr19
Nip ct al,zs
].iu ct al,27
Niclson?~
Gicrcz,ak  ct al. 1’$
J1)I,94
Zcllncr  ct al.29
‘1’his work(a)
‘1’his  worl@

Nip ct al.zs
J])], 94
Schmoltncr ct al. 12
“1’his work([))
ll~is work(c)



~#]& (C) ] ]~~-] 52ti,  (d) 111’’~-125,  (C) lll;~-134,  (f) IIFC-161, ad (~) ~]]@!~ WMC
Ccmlpomls.



‘1’ab]c 9.1 lalogcnatccl  ]’mpancs:  IIcrived  Rate Constants and Comparisons with I]rcvious  Work.

- ..——  .
Reactant. .

cl~@lFcF3
(1 ll;C-227ca)

CF3CJI*(Y3
(llliC-236fa)

cl’@ll’cllIj
(lllW-236ca)

(3 lF&@ 1#
(1 ll:C-245ca)

3.71;  -13
3.6E-13
3.81;-12

5.013-13
4.9E-13
4.61;-13

2.01~-14

7.11;-13
7.013-13

2.OE.13
1.01]- 12
1.2E-12
1.11;-12

2.9}:-12
2.41;- 12
2.01?- 12

— . .  _- _ _ _ _  _ _ _ _ _ _ _ _ _

1615
1610
] 596

1700
1703
1662

906

2280
2280

1006
1430
1550
1589

1660
1660
1656

x— .-–1 ,.

1.61;-15
1.61\-15
1.s1;-15
1,6H-15
1.71i-ls
1.61;-1s
1.81;-15

9.6};-16
5.21;-16
3.41;-16
3.411-16

6.811-15
8.51;-15
6.61;-15
5.11;-15

1,11;-14
9,]];-]5

7.51;-15

93 Nclscm ct al.~1
94 7Jhang  et al.32
C)3 Yjcllncrct  al.~~
93 Kocl~ar~(lY,etz,scl~~d
J] ’I. 94
‘1’his work(a)
‘J’his work(~)

94 Garland ct al,~s
94 Kolb ct al.
JJ)l/ 94
‘J’his workt@

94 Garlandct  al.3S
94 Zhang  ct al.32
J])], 94
‘J’l]is work(a)

94 Zhang  ct al.32
Jl)I/ 94
‘1’his work(a)

(a) C114, (b) ~2]16, (C) ]]I;~-] 52a, (d) ]] I’C-] 25, (c) IIFC-1 34, (~ }11G161  were the rcfcrcncc
Cmqmunds.



‘J’able 10. Ccmpariscm  ofsomc transition state thcmy A-factors with cxpcrimcntal  values.(a)

.—
l{cactant A(l’S’I’)  A(TST)

—.
A(cxl~) A(TS’1’)/n(ll)  “@Sri)/n(} ]) A(cxp)/l@ 1)

]K(c)- —. ——

CIICIJ
Cl IS]’
(11~1’~
clll~~
Cllljcl (22)
CI121’CI (31)
Clll’q (21)
C] lIiClCC121; (1 22a)
c1 lcl~cl’~  (123)
CIII;C1CF3  (1 24)
Clll’@3 (1 25)
cll~(:lcl;~cl (132b)
Cl 12 CICI’3 (133a)
C}lF~c}ll~Q  (134)

CIIZI;CI’3  (134a)

c1 l~ccl~ (140)
c1 l@cl~ (14 lb)

C] 13(1’3 (143a)
Cli~CJ  11;CI;3 (227a)

~lll’qllf  (lla-1201)

‘1’his work

1.11;-11
4.711-12
4.711-12
9.91; -13
1.11;-11
4.5E-12
1.61~-12
1.411-12
4.51?-12
1.31i-12

6.31{-13
7.41;-13
1.01;-12
2.11;-12
2.313-12
2.51;-12

6.21;-12
2.813-12

1.2E-12
6.21~-12
1.51;-12
1.213-12
1.51?-  12,
1.51;- 12.
1.111-12

3.213-12 4.81~-13

7.111-12 2.51;-12
7.413-12 -

1 .3 E-I 1 -
1.21;-12 -

1.41;-12 -

4.4 F,-12@J
2.21i- 12(@
3,211- 12(O
1.211-1 2(@
2,31;-12
1.81;-12
6.41;-13
7.111-13

7.11{-13
6.41i-13
1.01;-12
5.61;-13

2.11;- 12(~)
1 .51;- 1 2(C)
1 .21;- 1 2(C)
1.s1;-12
1.3}i-12
1.21;-12

1.81;- 12(9
1 .4];- 12(?J
1 .41;-  12(FJ

1.21{ -12
4.611-13
4.91;-13
9.61{-13

avgs:
St. dcvs:.- .—. —...

‘(a) Units are cm?+nolcc-scc.
(b) Cohen and l]cnson.z.
(c) Jcong and Kaufman.s  ant] Jcong ct al, ls.
(d) l~xpcrimcntal  A-factor from 1 ISLI and I)cMo~  c.’0
(c) 1 lxpcrimcntal A-factor from llch40m,s
(f) A-factor from J1’1.  92.-20.1
(g) lixpcrimcntal  A-factor from 1 ludcr and 1)ch401 c.9

_ (3m). —— . . . . . .

3.71i-12
2.31;-12
2.31;-12
9.91;-13
3.7 J;-12
2.2]1-12
1.61{-12
1.41;-12
2.21;-12
1.31;-12

6.311-13
7.41;-13
1.01;-12
1.013-12
1.11;-12
1.2E-12
1.21;-12
1.211-12
1.61~-12
1.61;-12
1.61i-12
2.413-12
2.51;-12
2.511-12
4.31;-12
1.211-12
1.21;-12
1.411-12

1.91;-12
9.91;-13

2.11~-12
1.41;-12

1.2];-12
2.1];  -12
7.51;-13
1.21;-12
1.511-12
7.511-13
1.11:-12

-

4.7}i-13

-

2.41:-13

8.31;-13

1.11;-12
5.51:-13

This work

1.51;-12
1.11;-12
1.613-12
1.21?-12
7.71!-13
9.01;-13
6.41;-.13
7.11;-13

7.11;-13
6.413-13
1.01;-12
5.61;-13

1.117,-12
7.51;-13
6.011-13
7.5E-13
6,51~-13
6,011-13
6.01;-13
4.71;-13
4.71;-13
4.oIi-13
4.61;-13
491;  .]3
9.6~;.13

7.81;-13
3.11;-13



“1’ab]c 11. llxpcrittwntal  A-factor t atios cmnparcd  to transition state thcmy  prcfiictions.

. ——— —-.
Reactant Pair -“-l;xp.(a) Statistical@)

-—
“ 1 ’ S  (JK) ““ ‘TSSCB) _—..—.——

0.5s
0.27
1.24
1.02
0.24
0.33
2.24
0.48
0.85
0,48
0.46
0.35
1.14
1.22
0.84
0.49
0.79
0.43
2.16
0.17
0.83
1.26—-— .—

0.50
0.33
].5

1.00
0.25
0,25
2.5

0.50
1.0

0.50
0.50
0.25
1.00
1.5
1.5

0.75
1.00
0.75
3.00
0.25
1.00
2.00

0.43 0,21
0.19 0.09

2.4
0.83

0,16

19.2
0.31
1.3
0.4
0.3

1.6
5.2 2.2

2.8

1.0

13.0

1.2
.—— ——.

(a). Ratios measured either directly or calculatcci  fi om ratios masurcd  against a common  rcfcrcncc.
(b). Ratio expected for strict proportionality to number of’hy(irogcn  atoms.
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